Infection of the sorghum mesocotyl by Helminthosporium maydis (a nonpathogen) and Colletotrichum graminicola (a pathogen) resulted in the rapid accumulation of a pigment complex by two sorghum cultivars. The components of the complex were fungitoxic. The principal compounds have been identified as the 3-deoxyanthocyanidins apigeninidin and luteolinidin. Apigeninidin accumulated in both sorghum cultivars in response to infection and was the predominant pigment. Luteolinidin accumulated in only one of the cultivars. Because of the speed of synthesis, occurrence only in response to inoculation, and fungitoxicity of the individual components, we propose that synthesis of the pigment complex constitutes a defense response and that the compounds apigeninidin and luteolinidin should be considered as phytoalexins.
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With the exception of the momilactones from rice (1, 2) and the avenalumins from oat (3, 4), phytoalexins have not been identified in members of the Gramineae. In grain sorghum and other sorghum species the cyanogenic glycoside dhurrin is a potential microbial toxicant but is best considered an insect feeding deterrent and phytotoxin rather than a stress metabolite (5) (6) (7) . Dhurrin, present in relatively high concentration in uninfected tissue, does not increase following microbial infection (8, 9) and the dhurrin content of tissue decreases with maturation (10) .
The situation in sorghum is further complicated by the fact that seedling leaves exhibit few if any symptoms when inoculated with various fungi. Probably the most pronounced example of this phenomenon is foliar anthracnose caused by Colletotrichum graminicola. In this disease both resistant and susceptible cultivars are resistant in the seedling stage and plants must be about 5 weeks old before they will exhibit symptoms in response to inoculation (11) . Such observations have led to the assumption that seedling resistance is the result of the presence of dhurrin (11) . However, Fry and coworkers (8, 9, 12, 13) have demonstrated that fungal pathogens of cyanogenic plants produce formamide hydrolyase, which detoxifies hydrogen cyanide, the toxic breakdown product of dhurrin, by converting it to formamide. Therefore, that dhurrin has a role in seedling resistance, either to pathogens or to nonpathogens, is not yet clear.
The purpose of this investigation was to evaluate whether resistance in sorghum is associated with the accumulation of previously undetected toxic host metabolites. We describe the rapid accumulation of phytoalexins in the sorghum mesocotyl as a response to attempted infection by a speciespathogenic and a species-nonpathogenic fungus.
MATERIALS AND METHODS
Pathogens, Plant Material, and Inoculation. The fungi Helminthosporium maydis Nisik. and Miy., race 0, and Colletotrichum graminicola (Ces.) Wils. were grown and spore suspensions were prepared for inoculum as described (14, 15) . Inoculum concentrations were 5 x i04 spores per ml for H. maydis and 106 spores per ml for C. graminicola.
Tween 20 was used as a wetting agent (100 tkl per 100 ml of inoculum suspension). H. maydis is a pathogen of corn but not of sorghum. The C. graminicola isolate was only pathogenic to sorghum.
Sorghum [Sorghum bicolor (L.) Moench] cultivars were BR54 and P721N, which are resistant and susceptible to C. graminicola, respectively, but uniformly resistant to H. maydis. Seedlings were grown in the dark between layers of moist germination paper to allow the uniform elongation of mesocotyls as described for corn (14) . After 4 days, the seedlings were inoculated and placed in a growth chamber at 100% relative humidity for periods up to 24 hr. The seedlings initially were subjected to 4 hr of light to stop mesocotyl elongation and then exposed to a repetitive photoperiod of 9 hr dark and 15 hr light as described (14) .
Extraction of Plant Materials. Mesocotyls were excised approximately 4 mm below the coleoptile and 4 mm above the point of attachment to the seed. Excised mesocotyls were weighed, cut into 5-mm segments, and immediately homogenized in 5 ml of 80% (vol/vol) methanol acidified with 0.1% HCl. For time-course studies duplicate samples (0.2-0.3 g) of tissue were taken at 3-hr intervals through 24 hr. Homogenates were filtered through Whatman no. 1 paper and the cell-wall debris was washed with acidified methanol until pigment could no longer be removed. The filtrate was reduced to near dryness and the residue was dissolved in 5 ml of absolute methanol. Total phenolic content of extracts from time-course studies was determined with the Folin-Ciocalteu reagent (16) and visible pigment content was determined by measuring absorbance at 480 nm. Uninoculated mesocotyls served as controls.
For bulk extractions, sample sizes were increased to the equivalent of 1 g (fresh weight) of tissue to 5 ml of acidified methanol and the tissue was extracted at 24 hr after inoculation. Samples were extracted as described above and the final residue was dissolved in methanol at a rate equivalent to 1 g fresh weight per Time Courses of Phenylalanine Ammonia-Lyase and 4-Hydroxycinnamate:CoA Ligase Activities. Enzymes were extracted and assayed as described (24) except that tissues were homogenized with liquid nitrogen in a mortar and pestle before extraction of the enzymes into buffer. Assays were performed on extracts of cultivar BR54 at 3-hr intervals after inoculation with H. maydis.
RESULTS
Symptoms of Infection in Mesocotyls. Symptoms of infection were visible as resistant lesion types on both cultivars by 12 hr after inoculation with H. maydis and by 24 hr after inoculation with C. graminicola. Symptoms on mesocotyls were orange to red-brown linear lesions that ranged in size up to 5 mm (Fig. 1) . When mesocotyls were heavily inoculated with H. maydis, lesions coalesced so rapidly that by 20-21 hr the entire tissue was discolored. The same response occurred when seedlings were inoculated with C. graminicola, but the duration of the response required up to 48 hr for complete lesion coalescence and tissue discoloration, probably a result of the slower growth of this fungus compared to H. maydis. Regardless of inoculum concentration or lesion coalescence, the pigmentation characteristically turned to a deep orangebrown (P721N) to red-brown color (BR54).
Accumulation of the Pigment Complex and TLC Separation. A time-course study of the host response in both cultivars demonstrated the rapid accumulation of a methanol-soluble pigment with an absorbance maximum of 480 nm (Fig. 2) . No pigment was found in uninoculated tissue. When plants were inoculated with the nonpathogen H. maydis, pigment accumulation was exceptionally fast and began at the time of attempted fungal penetration (Fig. 2) . Moreover the accumulation of pigment occurred even though there was no net increase in total phenols over the same period (Fig. 2) . Inoculation with the slower-growing pathogen, C. graminicola, demonstrated the same pattern of pigment accumulation except that, as expected, the speed of accumulation was much slower than with H. maydis (data not shown). Although considerable pigment was extracted from the tissue, the cell-wall debris remained heavily pigmented, and the pigment could not be removed even by exhaustive treatment with several solvents for periods up to 4 months. As the time course progressed the color of the wall debris became darker, indicating that as the disease interaction progressed, increasingly greater amounts of pigment accumulated in the cell wall. This was confirmed by observation of the tissue through the microscope. Separation of the methanol-soluble extracts by silica gel TLC demonstrated the presence of several compounds that were not present in corresponding extracts from uninoculated control tissues. Table 1 shows the TLC separation of compounds present in extracts of the cultivar BR54 24 hr after inoculation with H. maydis (resistant interaction). The profiles of the compounds that accumulated in response to infection were similar but not entirely the same for the two cultivars. Both compounds D and F were prominent components of extracts of BR54. Compound D was also the most prominent component of extracts of P721N, but compound F was never found in extracts of this cultivar. The same pattern of accumulation of compounds was found when these cultivars were inoculated with C. graminicola (data not shown). TLC Bioassays. Compounds eluted from silica gel plates were assayed for fungitoxicity against both C. graminicola and H. maydis. Each of the compounds tested was toxic to both fungi ( Table 2) . Germination of H. maydis spores was not affected by any of the compounds, but normal germling development was altered. The most prominent effect on H. maydis was a thickening and bifurcation of the developing germ tube. Assays against C. graminicola demonstrated that germination was inhibited by some but not all of the compounds. Each of the compounds, however, caused a reduction of germ-tube elongation when compared to controls.
Compound Identification. Pigments represented by bands D and F were the most prominent components of the extracts, and it was the compounds associated with these bands that we attempted to identify. Pigments were eluted from silica gel and subjected to acid hydrolysis with 2 M HCl for up to 2 hr at 100°C. Hydrolysates were dried under vacuum and the residue was dissolved in methanol acidified with 0.01% HCl. TLC on silica gel plates demonstrated that hydrolysis did not affect the Rf, indicating that neither D nor F was a glycoside. TLC of eluants of bands D and F with solvents of ethyl acetate/water/formic acid/HCI (85:8:6:1, vol/vol, upper phase) and butanol/acetic acid/water (6:1:2, vol/vol) indicated that only a single compound was present in each band. Fluorescence of compound F but not compound D was quenched when sprayed with Benedict's reagent, indicating the presence of an ortho dihydroxylation (21) . Compounds A, D, E, and F exhibited yellow fluorescence when sprayed with alcoholic AICl3, indicating that these compounds were flavonoids (20) .
Pigment D exhibited an absorption maximum of 480 nm and pigment F a maximum of 495-498 nm in acidified methanol. These absorption maxima and the shapes of the spectra suggested that D and F were the 3-deoxyanocyanidins apigeninidin (I) and luteolinidin (II), respectively (17, 25) . Compounds D and F exhibited the same spectra and TLC mobilities as authentic apigeninidin and luteolinidin. Also, they exhibited the same retention times as the apigeninidin and luteolinidin standards (26.43 min and 23.45 min, respectively) when separated by HPLC on a reversed-phase C18 column (Fig. 3) . Compound F exhibited a bathochromic shift of 44-47 nm in the presence of AICI3 whereas compound D did not, which again indicated ortho dihydroxylation in compound F and that D and F were apigeninidin (I) and leuteolinidin (II), respectively (25) . Accumulation of Apigeninidin and Luteolinidin. HPLC analysis of plant extracts showed that both apigeninidin and luteolinidin began to accumulate between 9 and 12 hr after inoculation, 2-3 hr after the onset of fungal penetration (Fig.  4) . Apigeninidin accumulated more rapidly and to a greater extent than luteolinidin; however, the amount of extractable apigeninidin eventually exhibited a significant decrease. The reason for this is unknown, but it may be related either to the binding of pigments to the cell wall or to the synthesis of luteolinidin from apigeninidin.
Dependent upon the time when samples were taken, HPLC separations of extracts also gave several minor peaks indicating the presence of other pigments that absorb in the visible range in addition to apigeninidin and luteolinidin (Fig. 3) . Phenylalanine Ammonia-Lyase and 4-Hydroxycinnamate: CoA Ligase Enzyme Activities. Neither of these enzyme activities was found to differ significantly from the activity of uninoculated tissues throughout the time period studied (Fig. 5) .
DISCUSSION
In this investigation we have demonstrated the rapid accumulation of a pigmented complex of six fungitoxic phenolic compounds in incompatible interactions of the sorghum mesocotyl with fungi. Two of the compounds were identified as the 3-deoxyanthocyanidins apigeninidin (I) and luteolinidin (II). These rare anthocyanidins differ from the common anthocyanidins because they lack the hydroxyl group at carbon-3 of the oxygen heterocyle (C ring) of the flavonoid nucleus. Apigeninidin was the predominant compound to accumulate in both cultivars, and luteolinidin, although not a minor component, accumulated in only one cultivar.
Because the components of the pigment complex in these cultivars are not present in otherwise unstressed, uninoculated tissue, are synthesized very rapidly in response to infection, and are fungitoxic, we propose that synthesis of the pigment complex constitutes a defense response and that the compounds apigeninidin and luteolinidin should be considered as sorghum phytoalexins. In some sorghum cultivars these anthocyanidins occur at low levels in response to light (17, 22) . The only other reports of phytoalexins in the Gramineae are those of the momilactones in rice (1, 2) and the avenalumins in oat (3, 4) .
In addition to apigeninidin and luteolinidin there were several as yet unidentified compounds that appeared in response to infection (Table 1 ). Although present in each extract, the amounts of these compounds relative to each other varied considerably based on the time of extraction relative to the time of inoculation. This inconsistency, cou- showed fungitoxicity to H. maydis and C. graminicola.
The accumulation of these flavonoid pigments in the absence of an apparent stimulation of either phenylalanine ammonia-lyase or 4-hydroxycinnamate:CoA ligase (Fig. 5) suggests that their synthesis is regulated by enzymes of flavonoid synthesis rather than by enzymes of phenylpropanoid metabolism (26) . The rapid accumulation of the pigment complex (within 2-3 hr of attempted penetration) also suggests the possibility that a pool of precursor compound(s) is present in the tissue prior to infection.
Compounds within the flavonoid and isoflavonoid classes are prominent examples of phytoalexins. Our results show that flavonoids within the anthocyanidin class may also occur as fungitoxic phytoalexin agents. Another report of anthocyanidin toxicity is that of delphinidin from pea seed being toxic to Fusarium solani f. sp. pisi (27) . However, in pea, delphinidin is a preformed compound present in the seed testa and is, therefore, not a phytoalexin or stress metabolite.
The system in sorghum differs significantly from that which was described for the corn mesocotyl. In corn there is a pronounced increase in 4-hydroxycinnamate:CoA ligase in response to infection and this increase is apparently not coordinately regulated with phenylalanine ammonia-lyase activity (24, 28) . Moreover, resistant and susceptible disease interactions can be differentiated by changes in phenylpropanoid substrate specificity, indicating the presence of different CoA ligase isozymes in these interactions (29) .
In corn, anthocyanins, but not the aglycone anthocyanidins, accumulate in resistant disease interactions (14) . However, unlike the case in sorghum, the pigments are not fungitoxic and do not accumulate until after lesion restriction (14, 30) . It was therefore proposed that the pigments in corn are markers of the termination of the resistant host response (14, 31) and that they serve as a site into which the host cell can direct the removal of toxic phenols, which are no longer needed.
The rapid synthesis of the fungitoxic complex by both sorghum cultivars to the nonpathogen H. maydis is not surprising, since both cultivars are resistant to this fungus. However, mature plants of the cultivars BR54 and P721N are differentially resistant and susceptible to C. graminicola. Thus, the synthesis of the phytoalexin pigment complex by the mesocotyl may be a key to the expression of resistance to C. graminicola by sorghum seedlings (11) . If this is the case, a logical question is whether the genes that control the seedling response are expressed in the mature plant or whether the speed of their expression is much reduced.
